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The bacterial CRISPR-Cas9 system has been adapted for use as a genome editing tool.
While several recent reports have indicated that successful genome editing of mice can be
achieved, detailed phenotypic and molecular analyses of the mutant animals are limited.
Following pronuclear micro-injection of fertilized eggs with either wild-type Cas9 or the nickase mutant (D10A) and single or paired guide RNA (sgRNA) for targeting of the tyrosinase
(Tyr) gene, we assessed genome editing in mice using rapid phenotypic readouts (eye and
coat color). Mutant mice with insertions or deletions (indels) in Tyr were efficiently generated
without detectable off-target cleavage events. Gene correction of a single nucleotide by homologous recombination (HR) could only occur when the sgRNA recognition sites in the
donor DNA were modified. Gene repair did not occur if the donor DNA was not modified because Cas9 catalytic activity was completely inhibited. Our results indicate that allelic mosaicism can occur following -Cas9-mediated editing in mice and appears to correlate with
sgRNA cleavage efficiency at the single-cell stage. We also show that larger than expected
deletions may be overlooked based on the screening strategy employed. An unbiased analysis of all the deleted nucleotides in our experiments revealed that the highest frequencies
of nucleotide deletions were clustered around the predicted Cas9 cleavage sites, with
slightly broader distributions than expected. Finally, additional analysis of founder mice and
their offspring indicate that their general health, fertility, and the transmission of genetic
changes were not compromised. These results provide the foundation to interpret and predict the diverse outcomes following CRISPR-Cas9-mediated genome editing experiments
in mice.
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Introduction
Genome editing is a powerful approach used to analyze biological functions in whole organisms as well as at the single cell level. In mice, gene targeting has traditionally been accomplished in embryonic stem (ES) cells via homologous recombination (HR) of donor DNA in a
process that utilizes the host DNA repair machinery without deliberate induction of a sitespecific double strand break (DSB). This approach has been used to modify a variety of sequences from multi-gene arrays to single nucleotide mutations (SNM). This method, however,
is highly inefficient and requires the use of a selectable marker to identify recombinants [1].
Moreover, the time from initial planning to generation of a homozygous knockout mouse can
often take more than a year and require dedicated personnel; even then, targeted mutations
may not be transmitted in the germline [2]. Consequently, many studies of mutated genes
come from analysis of single founder lines.
Improved methods for genome editing have recently been developed whereby DNA is
cleaved at precise locations. Zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) are proteins which can be modified to cleave specific DNA sequences
[3]. Although modular components can be customized for the desired DNA specificity, time is
still required for optimization and testing of the modified nucleases to validate specificity. The
newest approach for genome editing is based on the bacterial clustered, regularly interspaced,
short palindromic repeats (CRISPR) defense system and is dependent on nucleic acid homology for site-specific DNA cleavage [4]. This method requires the endonuclease Cas9, a single
guide RNA (sgRNA) with sequences that direct Cas9 to the genetic locus of interest, and a target site in the genome defined by 20 nucleotides (nt) of any base composition followed by an
NGG protospacer adjacent motif (PAM) [5, 6]. By simply changing the sgRNA, CRISPR-Cas9based approaches have been shown to be effective in generating genetic changes in a variety of
mammalian cell lines [5]. Additionally, many eukaryotic model systems have also been successfully modified with CRISPR-Cas9, including C. elegans [7], zebrafish [8], and drosophila
[9].
All three of these site-specific nucleases induce DSBs which are repaired by either the errorprone non-homologous end-joining (NHEJ) or the highly accurate HR pathways [10, 11].
NHEJ appears to be the default pathway for DSB DNA repair and its rapid resection and annealing of the DNA ends can result in no change, deletion, or insertion (indels) of a 1–30 nt at
the repaired DSB site [12]. NHEJ can proceed through either the classical or alternative microhomology-mediated end-joining (MMEJ) repair mechanism, dependent on cell type and species. MMEJ frequently involves larger deletions (over several hundred nt) than observed with
classical NHEJ [13]. Since classical NHEJ is the predominant form of DSB repair, small indels
are the expected result of most DSB. In contrast, HR results in a highly accurate repair of the
DSB with a DNA template required to provide “donor” sequences [14]. Several distinct mechanisms have been described for resolution of DNA ends via HR, including synthesis-dependent
strand annealing (SDSA), double Holliday junction resolution, and single-strand annealing
(SSA) [15]. Similar to MMEJ, SSA also involves a large DNA deletions over several hundred nt
[13]. Thus, site-specific induction of DSB by nucleases facilitates generation of mutant alleles
and HR.
Since CRISPR-Cas9-mediated cleavage can occur with high efficiency, researchers have
taken advantage of HR following DSB to introduce foreign DNA into the mouse genome by
pronuclear injection of CRISPR components into fertilized eggs [16]. The donor DNA template for repair via HR can be either a circular plasmid or ssDNA. Circular DNA allows for
much larger insertions of foreign genetic elements, but it can be recognized and cleaved by
Cas9 both before and after genomic incorporation. In addition to the limitation of Cas9
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recognition, linear dsDNA may inadvertently result in random transgene insertion and concatemerization independent of the generation of DSBs [16]. ssDNA donor templates have the advantage of not being recognized by Cas9 as a target until it is incorporated in the genome, but
these templates are limited by both the size of the desired insert and the homology arms.
Nearly all published studies have emphasized that CRISPR-Cas9 approaches can be successful for targeting specific murine genes of interest [17–27]. Other than targeting success, few
data are available on the molecular outcomes of these approaches, adding to the difficulties in
extrapolating these data to each other due to the different gene targets and guide RNAs. Moreover, pronuclear injection to induce genome editing, for example, has the potential to result in
genetic mosaicism when more than two alleles are identified in founder animals. This outcome
has been reported for both ZFN [28] and CRISPR-Cas9-mediated editing [25]. Mosaicism can
confound phenotypic correlations in founder mice and influence the transmission of selected
alleles to progeny, yet little is known about its frequency. Thus, detailed outcomes analyses
from targeting of a single gene will be helpful in understanding the limitations and challenges
of CRISPR-Cas9-mediated genome editing while also illuminating principles for analyzing future experiments.
An in-depth assessment of CRISPR-Cas9-mediated genome editing of the mouse germline
would ideally employ both phenotypic and genotypic analyses. The phenotypic analysis itself
would best be done on a gene that is not required for viability of the mouse and can be assessed
during embryo development or soon after birth. The tyrosinase (Tyr) gene on chromosome
7, which is responsible for both black coat color and eye pigmentation in wild-type (WT)
C57BL/6 (B6) mice [29], fulfills these criteria. The naturally occurring albino mutation within
exon 1 of Tyr at nt 230 (numbering relative to the ATG translational start site) results in a
change from leucine to arginine at amino acid 77. As an autosomal recessive trait, the absence
of both WT copies of Tyr in the commonly used Albino B6 (AB6) strain results in a mouse
with pink eyes at birth and white fur soon thereafter, whereas heterozygous mice, which have
black eyes and fur, cannot be distinguished phenotypically from homozygous WT mice. A benefit of the eye color phenotype is that even still-born or non-viable pups can be analyzed for
successful genome editing independent of sequencing. While Tyr disruption can be determined
in wild-type or heterozygous (AB6xB6) F1 hybrid mice, gene correction via HR can be monitored in AB6 mice because only one corrected allele is needed to achieve a complete reversal of
the pigmentation phenotype. Furthermore, mosaicism can easily be determined based on the
distribution of the pigmentation. Thus, targeting of Tyr should provide a rapid phenotypic assessment of successful (or not) CRISPR-Cas9-mediated gene targeting in mice, complementing
genotypic analysis.
We report a detailed analysis of in vivo CRISPR-Cas9-mediated Tyr gene editing. A combination of phenotypic and genotypic analyses allowed us to reveal the importance of donor
DNA modification for successful HR and retention of Cas9 endonuclease activity, the frequency and molecular basis for mosaicism, the generation of very large deletions, and the lack of detectable off-target cleavage events. Additionally, compilation of our numerous gene
modification experiments at a specific site in the mouse genome identified the site of Cas9
cleavage and demonstrated the influence of the NHEJ repair process on the diversity of observed genetic changes.

Results
Rapid phenotypic analysis of CRISPR-Cas9-mediated genome-editing
Target regions for Tyr gene disruption by CRISPR-Cas9-mediated cleavage were identified as
sequences of 23 nt having the canonical “NGG” PAM and a unique 50 sequence unrelated to
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Figure 1. Tyrosinase gene and sgRNA placement. A representation of the WT B6 Tyr (NM_011661.4) coding sequence with the five exons (numbered)
and flanking untranslated regions in gray. The region of interest for genome editing is enlarged. The SNM resulting in an eye and coat color change is
indicated (*) and corresponds to nt 230 with reference to the translation start site. The amino acids encoded are shown below the DNA sequence and the
critical “DDRE” motif for Tyr function is boxed. Four sgRNAs were designed flanking or including this site with indicated orientations (guides A, B, C, and D).
The sgRNA binding sites on the homologous DNA are indicated in red, with the PAM sites underlined.
doi:10.1371/journal.pone.0116484.g001

other genomic sequences (off-target sites). We designed four guides (A-D) that targeted opposite DNA strands in exon 1 of the Tyr locus, flanking nt 230 (Fig. 1), and screened them for
minimal homology to potential off-target sites. While no perfect match sequence in the genome existed other than the intended sites within the Tyr gene, there was the possibility of homology if several mismatched nt were allowed. Using iterative BLAST searches with each of
the four guide sequences, we failed to identify such homologous stretches of DNA comprised
of less than three mismatches with the 20-nt sgRNA recognition sequence prior to the required
“NGG” at additional genomic sites. We later verified this search with additional web-based algorithms during our off-target analyses (see below). We individually introduced each of these
four sgRNAs along with WT Cas9 mRNA via pronuclear injection in a fertilized B6xAB6
ovum. Live births did not result from the injection of two sgRNAs (A and C; see Table 1, Experiment 1). In fact, none of the mice (targeted with any sgRNA) in Experiment 1 survived beyond
several days. While this might be explained by sgRNA toxicity due to off-target effects, this
could equally be explained by some technical factor outside of CRISPR-Cas9 toxicity such as
handling of micro-injected eggs prior to implantation or cannabilization of normal pups by
primigravid mothers. Nevertheless, as no DNA or phenotypic information was obtained following injection of guides A and C, we used them only once and did not utilize them in future
experimental attempts which were designed to further understand successful CRISPR-Cas9
cleavage. By contrast, the other two sgRNAs (B and D) generated a majority of pups which
showed abrogation of Tyr function (Tables 1, 2). Specifically, five of the eight pups analyzed
had lost eye pigmentation (3 pups were photographed, Fig. 2a). Sequencing of the region targeted by guide D revealed that four of five pups had one or both alleles altered (Fig. 2b) with
the majority resulting in deleterious mutations, such as out-of-frame mutations and premature
stop codons (not shown). Interestingly, in the B6 allele of mouse 1.1 (1.1.1 in Fig. 2b), the deletion of 15 nt resulted in an in-frame mutation that preserved the critical amino acid residues
required for Tyr function, DDRE. As a result, even though deletions were generated on both alleles, the eye color did not change, giving an underestimate of true targeting frequency at the
genotype level. While most alterations were deletions, at least one allele (1.2.1) contained a 635
nt insertion. This insertion contained no obvious homology to Tyr and mapped to a region on
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Table 1. Tyrosinase genome editing experiments via CRISPR-Cas9.
Experiment Host
#

1

2
3

Cas9 Guide
conc.
(ng/µl)

Cas9
Donor Donor
conc.
conc.
(ng/µl)
(ng/µl)

#
pups
born

Days of # pups
Injection weaned
(dead)

AB6xB6 A
F1
B

WT

200

0

1

WT

20

200

3

1

C

WT

20

200

0

1

D

WT

20

200

5

B+D

D10A 20a

200

5

B+D

WT

20a

200

B+D

WT

20a

200

WT

B+D

D10A 20a

200

Mod

B+D

WT

20a

200

Mod

10

B6
AB6

CRISPR
guide(s)

20

a

# pups
w/color
change

# pups Frequency
w/
both alleles
indels targeted

0 (3)

2/3

n.d.

n.d.

1

0 (5)

3/5

4/5

4/4

2

0 (5)

2/3b

1/2

1/2

8

2

4 (4)

3/8

6/8

4/6

10

5

1

5 (0)

0/5

0/5

n/a

10

2

1

0 (2)

0/2

2/2

1/2

7

3

6 (1)

1/6b

3/6

2/3e

1

e

2

d

4

B6

B+D

D10A 20

100

Mod

10

17

2

17 (0)

4/17

6/17

4/6

5

AB6

D

WT

10

100

WT

20

14

1

14 (0)

0/14

0/14

n/a

D

WT

10

100

WT

10

8

1

4 (4)

0/8

0/8

n/a

D

WT

10

100

Mod

20

8

2

4 (4)

0/8

4/8

2/4

D

WT

10

100

Mod

10

4c

2

0 (4)

0/4

3/4

2/3

# pups
with
donor
insertion

Individual experiments with the indicated number of injection attempts and resulting mice are shown. “Days of injection” refers to an independent
reconstitution of RNA and/or DNA reagents, multiple rounds of micro-injection and subsequent implantation into several pseudo-pregnant recipients limited
to a single day. All donor molecules were circular DNA and encoded the functional B6 allele. Donor refers to donor DNA with “WT” indicating that the donor
DNA contained unmodiﬁed guide RNA recognition sites, whereas “Mod” indicates that the recognition sites were modiﬁed as described in the text.
a
b

Concentration of each guide (ng/ml)
Coat color and/or DNA not obtained from all pups

c

C-section was performed to deliver some of the pups

d

Phenotypic mosaic in one mouse
Genotypic mosaic in one or more mice

e

doi:10.1371/journal.pone.0116484.t001

chromosome 6 (data not shown). The alternate allele from this mouse could not be amplified
for sequence analysis, suggesting an even larger deletion or rearrangement (see below). Thus,
even though we directly used sgRNAs without in vitro testing, we were able to successfully target Tyr with efficiencies of greater than 60%.

Cleavage with paired sgRNAs and WT Cas9 or the Cas9 nickase mutant
Given the high efficiency of single guides alone, we next determined whether simultaneous injection of both guides would influence the observed cleavage frequency. A prior report of dual
sgRNA targeting suggested that this approach resulted in a higher frequency of indels [30].
Furthermore, we reasoned that a high rate of cleavage would generate indels on both WT Tyr
alleles in a single cell, resulting in an observable phenotype. Simultaneous introduction of
guides B and D into a B6 zygote homozygous for the WT Tyr alleles resulted in five of eleven
pups having a coat color change (Experiment 2, Table 1, Fig. 3a). The sequences of alleles from
ten of these pups (one albino pup was not sequenced) confirmed the albino mutations and also
showed three additional pups had heterozygous Tyr alterations (Table 1, Fig. 3b). Based on
both phenotypic and sequence analysis, five pups were targeted on both alleles, three on only
one allele, and three on neither allele.
Additionally, it appeared that the targeting efficiency at one site was not affected by targeting
at the other. Even though both guides were injected, three of the alleles were targeted only with
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Table 2. Summary of all Cas9-mediated genome editing experiments.
Results

Days of
injection

Experiment
#

# Mice
positive

Total mice
analyzed

Overall
%

1

2

3

66.7%
80.0%

Indel frequency
Guide B
Guide D
Guides B and D

No donor present

1

Along with modiﬁed donor

not done

No donor present

1

1

4

5

Along with modiﬁed donor

4

5

7

12

58.3%

No donor present (WT Cas9)

2

2

6

8

75.0%

Along with modiﬁed donor (WT Cas9) 3

3

3

6

50.0%

No donor present (D10A Cas9)

2

2

2

3

66.7%

Along with modiﬁed donor (D10A
Cas9)

3

3,4

8

19

42.1%

HR Repair
Homologous recombination with guides Total
B and D
In mice with identiﬁed indels only

6

3,4

3

25

12.0%

6

3,4

3

11

27.3%

3

3

1

6

16.7%

Along with modiﬁed donor and D10A 3
Cas9

4

2

19

10.5%

Homologous recombination with guide
D

Along with modiﬁed donor and WT
Cas9

5

0

12

0.0%

Donor DNA inhibition

Indels when co-injected with modiﬁed 10
donor DNA

3,4,5

18

37

48.6%

Indels when co-injected with native
donor DNA

7

3,5

0

27

0.0%

Genotypic: Amongst all mice with
indels

15

all

3

29

10.3%

Phenotypic: Amongst adult mice with 15
indels

all

1

18

5.6%

Phenotypic: Amongst all mice

15

all

1

52

1.9%

Total

15

all

6

29

20.7%

Deletions

15

all

5

29

17.2%

Insertions

15

all

1

29

3.4%

Along with modiﬁed donor and WT
Cas9

4

Mosaicism and large deletions
Mosaicism

Large (>600 nt) indels amongst all
mice with indels

All of the data from mice analyzed across multiple injection days and experimental conditions were pooled to generate the comparisons depicted here.
This table summarizes the primary data shown in the other Tables and Figures.
doi:10.1371/journal.pone.0116484.t002

guide B, two only with guide D, and six with indels at both sites (Fig 3b). Only three of these
paired deletions resulted in loss of the intervening sequence suggesting that the DSB does not
need to occur synchronously. This finding implies that one DSB could be repaired prior to the
initiation of the second break. Using the single guide D cleavage frequency of 80% for reference
(Table 2), we found a similar rate of cleavage at this target site when multiplexed with guide B.
Specifically, of the seven pups with identified indels in Experiment 2 (Table 2, Fig. 3b), only one
failed to harbor an allele with cleavage at the guide D recognition site (mouse 2.2). Overall, these
results suggest that both sgRNAs are acting equally and independently and that the success rate
at either sgRNA recognition site was not markedly affected by multiplexing the sgRNAs.
The nickase mutant of Cas9 (D10A) also recognizes double-stranded DNA, but cleaves only
the complementary strand [31]. D10A Cas9 can also generate a second single-strand break on
the opposite strand when a second sgRNA target site is located nearby. A prior report of the
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Figure 2. Successful genome editing of Tyr is evident on the day of birth and confirmed by DNA sequencing. (a) Phenotypic results of guide B editing
of B6xAB6 fertilized eggs (Experiment 1) resulted in loss of eye pigmentation in two of three pups photographed on day 1 after birth, whereas one pups
appeared unaltered (middle pup). Since sequencing analysis was not pursued in these pups, a disruptive indel on the AB6 allele and/or an in-frame indel on
the B6 allele could also result in the same phenotypic finding. The mice in Experiment 1 did not survive because the cage housing the pups from guide B was
flooded while pups from guide D were cannibalized by the mother. (b) Sequencing results of guide D editing from Experiment 1 are shown here. The Tyr
alleles from guide B targeting were not analyzed. The B6 allele is indicated with the position of guide D as in Fig. 1. Mice are numbered with the following
convention: (experiment#.mouse#.allele#). Mouse 1.1 (in-frame deletion on the B6 allele) and mouse 1.4 (no indels observed) had black eyes while the
remaining mice had pink eyes at birth. Sequencing results from unaltered Tyr alleles are not shown. Deleted nt (-). Inserted nt in brackets.
doi:10.1371/journal.pone.0116484.g002

optimal offset between targets revealed that excision of the DNA between the two single-strand
cleavage sites rapidly decreased at distances greater than 100 nt and was critically dependent
on the orientation of the two target PAM sites [32]. Fortuitously, guides B and D are oriented
in opposite directions with an offset between the guide sites of 38 nt and 50 overhang distance
of 72 nt. As summarized in Table 2, we maintained a greater than 60% indel frequency when
paired sgRNAs were co-injected with either WT or D10A Cas9. However, the possibility of the
Cas9 nickase functioning in some capacity as a WT Cas9 nuclease with DSB has been reported,
albeit at a very low frequency [33]. In fact, we have found in four of our D10A targeted mice,
only one of the two guide sites contained deletions (mice 2.2, 3.18, 4.1 and 4.8; Figs. 3, 4, 5).
Our findings support the possibility of residual double-strand DNA cleavage by D10A Cas9 as
the region between the two guide sites was not consistently lost.

Gene repair did not occur with donor DNA having intact guide
recognition sites
Donor DNA for HR gene repair was generated with 800 nt WT Tyr homology arms (WT
donor) on either side of the intended (AB6!B6) Tyr substitution at nt position 230 (Fig. 1,
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Figure 3. Paired sgRNAs result in gene disruption by phenotype and DNA sequencing. (a) Phenotypic results of guide B and D editing of B6xB6
fertilized eggs (Experiment 2) resulted in loss of black coat color in two of four pups photographed on day 14 after birth. The following mouse numbers and
their phenotypes are shown: 2.3 (black), 2.4 (black), 2.5 (white), 2.6 (white). (b) Sequencing results of combined guide B and D editing are depicted. The B6
allele is indicated with the positions of guides B and D as in Fig. 1. Mice are numbered as in Fig. 2b. Sequencing results from unaltered Tyr alleles are not
shown (2.4.2, 2.10.2). No PCR product was detected for allele 2.6.2; later it was confirmed to be a large 42 kb deletion (Fig. 8). Underlined alleles were from a
D10A Cas9 injection. Deleted nt (-). Inserted nt in brackets.
doi:10.1371/journal.pone.0116484.g003

Materials and Methods). We co-injected this circular WT donor DNA molecule along with
Cas9 mRNA and either one sgRNA (Experiment 3, Table 1) or two sgRNAs (Experiment 5,
Table 1) into an AB6 host. Remarkably, in the 27 mice that were analyzed, we did not obtain
any mice in which the donor DNA had been inserted at the Tyr locus (Table 2). One of these
mice (5.3) appeared to have incorporated the WT donor DNA as a random transgene based on
the following evidence: the coat color of the AB6 founder remained white; the donor DNA was
amplified using vector specific primers in the founder; and offspring following mating to AB6
were all white (Table 3) indicating a non-functional insert. Even more striking was that none
of the 27 mice following WT donor micro-injection demonstrated indel generation, even
though we used the same guides previously shown to target Tyr with greater than 60% efficiency (Tables 1,2).

Gene repair of a single nucleotide with WT or D10A Cas9
Based on the inability to generate indels when we co-injected Cas9, sgRNA and WT donor
DNA, we hypothesized that the donor itself could be a substrate for Cas9-dependent cleavage
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Figure 4. Successful gene repair of point mutation by phenotype and DNA sequencing. (a) Phenotypic results of guide B and D editing of AB6xAB6
fertilized eggs (Experiment 3) resulted in a gain of black coat color in one of three pups photographed on day 5 after birth. Mice 3.1 (black pup), 3.2, and 3.3
are shown. (b) The results of combined guide B and D editing in AB6 mice with a donor template are depicted. When a modified donor was used, the
mutations are indicated by (*) above the lowercase base substitutions. Mice are numbered as in Fig. 2b. The AB6 allele is indicated with the positions of
guides B and D as in Fig. 1. Sequencing results from the unaltered Tyr allele 3.19.2 is not shown. Mouse 3.3 is a genetic but not phenotypic mosaic.
Underlined alleles were from a D10A Cas9 injection. Deleted nt (-). Inserted nt in brackets. The introduction of a novel SalI restriction enzyme site is identified
by a box for allele 3.1.1.
doi:10.1371/journal.pone.0116484.g004

and adversely affect HR gene repair. Although simply altering the GG dinucleotide of the PAM
could be sufficient to test this idea, altering this motif in our Tyr donor DNA would unavoidably affect the coding potential. Instead we modified the sgRNA recognition sites by using alternate codons that maintained the translated protein sequence (Fig. 4b, Table 4, Materials and
Methods). These modifications introduced four to five mismatches in the guide B and D sites
and a novel SalI restriction enzyme site to facilitate donor detection (Fig. 4b). Our initial results
in AB6 mice with this modified donor template and WT Cas9 resulted in a pup that phenotypically exhibited the “repaired” B6 pigmentation (Fig. 4a). Although it was possible that this phenotype could have occurred by chance reversion of a single nt, our sequence analysis showed
that this mouse (3.1) contained a “repaired” allele with the modified sequence from the donor
DNA. Moreover, it also contained a deletion on the alternate allele (Fig. 4b) and we found
indels in five of eight mice without a repaired Tyr allele (Experiment 3, Table 1). Thus, the
CRISPR-Cas9 approach can generate both a gene knockin and a knockout in a single mouse
that can serve to generate two independent founder lines.
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Figure 5. Mosaicism following CRISPR-Cas9-mediated genome-editing. (a) Mouse 4.9 is shown in three photographs (top) along with a WT B6
littermate (bottom) at four weeks of age. The patchy coat color distribution was evident several days after birth and has remained consistent throughout
development. (b) The results of combined guide B and D editing in B6 mice with a donor template are depicted. The mutations present in the modified donor
are indicated by (*) above the lowercase base substitutions. Mice are numbered as in Fig. 2b. The B6 allele is indicated with the positions of guides B and D
as in Fig. 1. Sequencing results from unaltered Tyr alleles are not shown (4.1.2, 4.4.2, 4.8.3). No PCR product was detected for allele 4.7.2 suggesting a large
indel. Deleted nt (-). Inserted nt in brackets.
doi:10.1371/journal.pone.0116484.g005

Given that cleavage with WT Cas9 in the presence of a modified donor DNA was able to
correct the Tyr defect in AB6 mice, we also examined D10A Cas9 for similar activity. We injected both guides B and D along with D10A Cas9 mRNA and the modified donor plasmid
into B6 fertilized eggs (Table 1, Experiment 4). Since the fertilized eggs were derived from B6
mice, we were not able to identify successful HR via phenotype alone. We obtained 17 pups of
which six were subsequently demonstrated to have indels within exon 1 of Tyr. While 3 of
these mice had a coat color change from black to white (indicating disruption of both Tyr alleles), mouse 4.9 (Fig. 5, Table 2) appeared phenotypically chimeric, with both black and white
patches scattered throughout. As this mouse aged, the coat color mosaicism has been maintained (discussed in more detail below). Sequence analysis identified two disrupted alleles and
another allele that contained the modified donor DNA sequence (Table 3). One additional
black mouse (4.4, Fig. 5b) also contained the donor insertion while maintaining the second allele without indel generation, bringing the total gene-corrected mice using both guides B and D
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Table 3. Transmission and distribution of mutant alleles in F1 offspring.
Mouse
#

Strain of Fertilized
Egg

Coat
Color

Alleles

Litters
(pups)

Color
distribution

Number
sequenced

2.3

B6

Black

Both WT

2 (7)

All

3

All WT

2.4

B6

Black

1 = Δ205–217

4 (31)

17/31

6

1 (3)

2.5

B6

White

5 (26)

All

20

4 (30)

All

18

5 (22)

11/22

7

2 = WT
1 = Δ214–294

2 (3)

2 = Δ214–286
2.6

B6

White

3.1

AB6

Black

1 = Δ214–245;
Δ279–910

AB6

White

1 = Δ212–295

AB6

White

1 = Δ202–229; 285
[+AA]

2 (11)

All

11

2 (11)

All

11

B6

Black

B6

White

4.8

B6

White

1 (3)

2 = Δ202–208; 208
[+T]

2 (1)

3 = Δ213–224;
Δ279–293

3 (3)

4 = Δ213–224

4 (1)

1 = Gene Correction

5 (3)
1 (5)

All

5

2 = WT B6
4.7

1 (5)
2 (6)

5 = WT AB6
4.4

1 (4)
2 (3)

2 = Δ214–285
3.3

1 (10)
2 (8)

2 = Δ207–620
3.2

1 (11)
2 (9)

2 = Large Deletion
1 = Gene correction

Allele distribution:Allele
(counts)

1 = Δ215–286

1 (6)

All

6

1 (3)

4 (28)

All

28

2 (14)

2 = Large deletion
1 = Δ215–230

1 (1)
2 (4)
2 (3)

2 = Δ276–284

4 (14)

3 = WT B6
4 = Large deletion
4.9

B6

80%

1 = Gene correction

1 (5)

4/5

5

2 = Δ213–926

1 (4)
2 (1)

3 = Δ210–399 [+5]
5.1

AB6

White

5.2

AB6

White

1 = Δ202–220

2 (12)

All

12

2 (16)

All

16

2 (14)

All

14

2 = Δ212–215
1 = Δ199–220

2 (5)

2 = ins 212 [+A]
5.3

AB6

White

1 = WT AB6
2 = B6 donor
transgene

1 (7)
1 (4)
2 (4)
1 (6)
2 (8)

Mice that reached adulthood were crossed with AB6 mice to track genetic and phenotypic changes following germline transmission. Only mice that
generated progeny are shown here. Coat color refers to the founder mouse whereas color distribution refers to the phenotype of the offspring. The nt
deleted are indicated with reference to the ATG translational start site. Insertions at the indicated positions are depicted in brackets as either the number
of nt inserted or their identity.
doi:10.1371/journal.pone.0116484.t003

to three out of 25 founders (12.0%). Similar frequencies for gene correction were obtained for
both WT and D10A Cas9 (Table 2).
Attempts to repair Tyr by using only one sgRNA and the modified donor DNA were not as
successful as compared to when two guides were used (Table 1, Experiment 5; Table 2).
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Table 4. Primer Sequences.
sgRNA primers

Sequence

Guide A

50 -TTAATACGACTCACTATAGGGGTGGATGACCTTGAGTCCGTTTTAGAGCTAGAAATAGCAAG-30

Guide B

50 -TTAATACGACTCACTATAGGCAGTGCTCAGGCAACTTCATGTTTTAGAGCTAGAAATAGCAAG-30

Guide C

50 -TTAATACGACTCACTATAGGCCATGAAGTTGCCTGAGCACGTTTTAGAGCTAGAAATAGCAAG-30

Guide D

50 -TTAATACGACTCACTATAGGGTCATCCACCCCTTTGAAGGTTTTAGAGCTAGAAATAGCAAG-30

Universal sgRNA Reverse

50 -AAAAGCACCGACTCGGTGCC-30

Cas9 primers
px330 (WT) Forward

50 -TAATACGACTCACTATAGGGAGAATGGACTATAAGGACCACGAC-30

px330 (WT) Reverse

50 -GCGAGCTCTAGGAATTCTTAC-30

px335 (D10A) Forward

50 -TAATACGACTCACTATAGGGAGAATGTACCCATACGATGTTCCAG-30

px335 (D10A) Reverse

50 -GCGAGCTCTAGGAATTCTTAG-30

Sequencing primers
Tyr Fwd 1

50 -CTCATTAACCTATTGGTGCAGATT-30

Tyr Rev 1 (Product size = 989nt)

50 -GCATTAACATCTGTTAGTAAGGCA-3

Tyr Fwd 2

50 -CTAGAAACTTTATGCATTGAAGCAG-30

Tyr Rev 2 (Product size = 1679nt with For 2;
1555nt with For 1)

50 -CAGTCCTTGTTTATAGCAGCTTAG-30

Tyr Fwd 3

50 -GCCCTTAGAAAGAGTGATGAGG-30

Tyr Rev 3 (Product size = 3496nt)

50 -GAAGTGTTAGACCAGCAGAGAC-30

Quikchange primers
Mutagenesis primer 1

50 -AGGACTCACGGTCGTCGACTCCCTTGAAGGGGAACTGAGGTCC-30

Mutagenesis primer 2

50 -TCCGCAGTTGAAACCCATGAAGTTTCCGCTACACTGGCAGGTCCTATTATAAAAC-30

Primer sequences for sgRNA synthesis, sequencing, and mutagenesis are shown.
doi:10.1371/journal.pone.0116484.t004

Figure 6. Generation of indels and donor DNA insertion following sgRNA guide D cleavage. The results of single guide D editing in AB6 mice
(Experiment 5) with a donor template are depicted. Mice are numbered as in Fig. 2b. The B6 allele is indicated with the positions of guides B and D as in
Fig. 1. Sequencing results from unaltered Tyr alleles are not shown (5.4.2, 5.5.2, 5.7.2). Deleted nt (-). Inserted nt in brackets.
doi:10.1371/journal.pone.0116484.g006

PLOS ONE | DOI:10.1371/journal.pone.0116484 January 14, 2015

12 / 28

Detailed Analysis of Cas9-Modified Mice

Although indels were detected at expected frequencies when the modified donor was coinjected (seven of twelve or 58.3%, Table 1, Fig. 6), none of the mice exhibited donor DNAmediated repair. Although a definitive conclusion is not possible due to small sample size,
these results support the idea that co-injecting more than one sgRNA increases the likelihood
of gene repair.
Finally, by engineering a SalI restriction enzyme site into the donor DNA, we were able to
quickly confirm donor incorporation independent of sequencing. (Ultimately, all mice were sequenced for verification.) Following PCR of the Tyr locus, the restriction fragment length polymorphism (RFLP) pattern provided a quick assessment of donor DNA insertion, even in the
case of mosaicism (Fig. 7). Interestingly, we identified an additional allele migrating consistent
with a WT band in mouse 4.9 that was resistant to SalI cleavage (Fig. 7b). This allele was

Figure 7. Homologous recombination (HR) in founder mice. (a) Genomic DNA was amplified with primers (Table 4) designed to flank the Tyr mutation
site resulting in a PCR product of 1555bp (solid arrow). Amplification of mice 3.1 and 4.9 yielded multiple smaller molecular weight bands. The bands
represented by asterisks have been confirmed by sequence analysis and represent an alternate truncated allele. Interestingly, the phenomenon of
heteroduplex formation (arrowheads) is also evident in mice with more than one allele size. These artifacts are thought to occur upon heterologous binding of
DNA strand from each allele (Thompson et al. 2002). Sanger sequencing of predicted heteroduplex bands confirmed the mixture of both higher and lower
molecular weight bands in the product. To eliminate interference with the restriction analysis, the 1555bp band was excised from the gel for all of these mice
and subjected to SalI digest (b). (c) Black-eyed progeny from mouse 4.9 all appeared to be positive for donor insertion. The predicted digestion products of
835bp and 720bp are indicated by the dashed arrow. The 100bp molecular weight marker was loaded in the left-most lane of each agarose gel with sizes as
indicated (in Kb). B6: C57BL/6, AB6: C57BL/6 Albino. Mouse numbers are consistent with the text.
doi:10.1371/journal.pone.0116484.g007
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present in sufficiently low frequency to have been missed by our initial screening strategy but
has implications on the generation of mosaicism (see below).
As summarized in Table 2, we found that the total number of mice with successful HRmediated gene repair events was three out of 25 pups or 12.0%. All gene-repaired mice used the
modified donor DNA. However, as the efficiency of targeting is also intrinsically dependent on
the efficiency of Cas9 mediated DNA breaks, when expressed as a frequency of pups with detectable indels, correct donor insertion was seen three out of eleven times or 27.3% (Table 2).
To summarize the influence of donor DNA on Cas9 cleavage efficiency, we found that none of
the 27 pups born following co-injection with an unmodified WT donor contained any indels
(Table 1, Experiment 5; Table 2). In contrast, when we expanded our analysis to all of our attempts in 3 separate experiments (Table 1, Experiments 3, 4, and 5), we found an indel frequency of 47% (18/37) when a modified donor was used (Table 2).

Mosaicism following Cas9-mediated genome editing
Our coat color screen provides an estimate of the relative frequency of mosaicism and was later
validated by offspring analysis. Indeed, our first indication that mosaicism was a possible outcome in our CRISPR-Cas9 micro-injections was the patchy coat color in one of the previously
mentioned targeted mice (4.9, Fig. 5a). While sequencing analysis confirmed the presence of
donor DNA in this founder, two additional deletion alleles were also identified (Fig. 5b).
We hypothesized that mosaicism in a founder mouse should lead to a non-Mendelian segregation of predicted alleles in the offspring and have demonstrated this in a number of analyzed
progeny (Table 3). In mouse 3.3 (originally from AB6 host), non-Mendelian allele segregation
suggested the presence of mosaicism and prompted a more careful analysis of the founder and
offspring DNA; five total alleles were discovered (Table 3). Furthermore, it appears that one allele deleted at the guide D site (D213–224) was the substrate for cleavage by guide B at a later
point (D213–224; D279–93) without loss of the intervening sequence. The pups generated
from an AB6 cross to mosaic mouse 4.9 demonstrated non-Mendelian segregation of donorcontaining offspring (four of five) and only one of the other two founder alleles. There is also
likely a WT allele that was missed by our sequencing strategy but implied to be present during
our subsequent RFLP analysis (Fig. 7b). Finally, the offspring of mouse 4.8 unexpectedly demonstrated only two of the four possible founder alleles in an apparent Mendelian segregation
pattern, though more mice will need to be tested. By contrast, analysis of offspring from founder mice without apparent mosaicism demonstrates the expected Mendelian segregation ratio in
multiple experiments (mice 2.3, 2.4, 2.5, 2.6, 3.1, 3.2, 5.1, 5.2, and 5.3) (Tables 1, 3).
In summary, of all founder mice with identified indels that have survived and aged sufficiently to examine coat color (n = 18), only one displayed phenotypic mosaicism (11 mice with
identified indels did not survive to allow definitive phenotypic analysis of mosaicism). Two additional mice (3.3 and 4.8) harbor only genotypic mosaicism (Tables 1, 3). Therefore, even
though relatively rare in our studies (three of 29 founder mice with identified indels, 10.3%,
Table 2), genetic mosaicism can expand the pool of possible indels from a single founder
mouse and at the same time serves as a caution against using founder CRISPR-Cas9 mice for
experimental analysis without first fixing a particular allele by traditional breeding.

Large indel generation
Our phenotypic analysis revealed the potential for large insertions or deletions (>600 nt) in
the targeted genomic site that could be missed by reliance only on genotypic analysis with PCR
of shorter amplicons. An example of this occurred with mouse 2.6 in which only one targeted
allele was ever amplified with PCR primers Tyr Fwd 2 and Tyr Rev 2 (Table 4), located-824 nt
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Figure 8. Large deletions occur with CRISPR-Cas9-mediated genome editing. (a) Three sets of PCR primers (Table 4) were used to identify large
deletions (>600 nt) across the targeted region. The position of the 50 end of the primer relative to predicted Cas9 cleavage site for the closest sgRNA is
shown in parenthesis. The hash marks indicate regions that are not depicted in this panel. Guide B and D target sites are labeled (B) and (D), respectively.
The positions of deleted nt are shown with respect the alleles in which they were identified below the schematic of the gene. (b) The identity of the large
42.6kb deletion from allele 2.6.2 is depicted as the sequence tracing of PCR product of the fused gene demonstrates the NHEJ repair junction. The
numbering is based on the GRCm38.p2 reference assembly (mm10) for Mus musculus.
doi:10.1371/journal.pone.0116484.g008

and +855 nt relative to the Cas9 cleavage site for guide D (Fig. 8a). Since mouse 2.6 is a fully albino mouse that resulted from B6 targeting, the other Tyr allele must also have been targeted.
Moreover, all of the pups from this cross contained either the previously identified disrupted
allele (2.6.1) or the suspected large deletion allele with expected Mendelian segregation
(Table 3). We reasoned that sequences for one or both of our primers for PCR amplification
were within the deleted region. In order to specifically map the loss, we crossed mouse 2.6 to
the A/J mouse strain and analyzed one generation of pups. A comparison of both B6 and A/J
genomes performed on data generated by the Wellcome Trust Sanger Institute [34]
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demonstrated that the A/J strain harbors numerous SNPs in the Tyr locus, and we could therefore easily correlate the absence of heterogeneity at these sites with genetic loss. We ultimately
determined that the large deletion was due to a loss of 42,616 nt, as confirmed by sequencing of
the PCR amplicon spanning the fusion allele (Fig. 8b). We believe this is the largest deletion reported to date with the CRISPR-Cas9 genome editing system.
Similarly, we found five other mice (1.2, 4.6, 4.7, 4.8, and 4.9) either have or likely harbor
large deletions (Fig. 8a). Mouse 4.6 had a 816 nt loss, and mouse 4.9 harbored a 714 nt deletion,
whereas the other founder mice and/or their offspring have had only one allele sequenced. For
example, sequence analysis of mouse 1.2 revealed a large insertion on one allele, and lack of a
PCR product for the other allele, providing indirect evidence for an indel of at least 800 nt on
either end of the Cas9 cleavage site, affecting the nearest PCR primer binding site (Fig. 8a).
Analysis of the offspring from mouse 4.8 suggested inheritance of a large deletion allele in six
of thirteen pups (Table 3). Specifically, while seven pups contained the 4.8.1 allele (Fig. 5b,
Table 3) from the 4.8 founder and the AB6 allele from the breeding partner, the remaining six
pups only demonstrated AB6 DNA sequence. Given that 4.8 was initially a B6 mouse that demonstrated a white coat color after Cas9 editing, it follows that both B6 alleles had to be disrupted for the resulting phenotype. Since in six of the pups, the only sequenced amplicons were
from the AB6 breeding partner, we concluded that our PCR primers were not able to amplify
the large deletion, as illustrated in several other examples above in which the large deletions
were definitively identified. Therefore, the phenotypic screen revealed the presence of mutant
alleles that would have otherwise gone unnoticed.
Given the total number of mice with indels in our studies (Table 1, n = 29), the incidence of
a large insertion or deletion (>600 nt) is approximately 20% (Table 2), highlighting the possibility of such events being missed in PCR-based screening of short amplicons. Because of the
inherent difficulty of identifying these deletions in heterozygous mice, these numbers may in
fact be an underestimate. Thus, screening approaches of Cas9-modified mice should account
for this possibility.

Cas9 cleavage sites
Our studies enable a detailed and unbiased analysis of Cas9-mediated editing at the nt level.
In particular, the specificity of Cas9-mediated DNA cleavage can be determined by consolidating our sequencing results across multiple experiments. Upon analysis of all of the deleted
nts from all alleles where one guide cleavage site did not include the other, we found a
Gaussian distribution of deleted nts peaking between positions-3 and-6, relative to the PAM
site (Fig. 9a). Interestingly, Cas9 endonuclease activity from in vitro experiments predicts cleavage at positions -3 to -4 [35].
Upon analysis of the entire cohort of mice with identified deletions, including mice derived
from injection of both guide D and B with intervening sequence loss, a similar deletion pattern
emerges that is skewed further 50 of the predicted Cas9 cleavage site (Fig. 9b). With only a smaller
sampling of mice micro-injected with guide B alone, we are limited in describing its effect on deletions, though the data appear to show a similar Gaussian distribution of deleted nucleotides at
positions -3 to -6 relative to the PAM site for guide B. Nonetheless, our global assessment indicates the specificity of Cas9-mediated cleavage by our guides appears to give rise to genomic
modifications somewhat broader than expected from previously reported results [35].

Reproductive success and normal life-span of targeted mice
Across multiple experiments and days of micro-injection, we observed toxicity manifested by a
number of pups being either still-born or unable to survive the neonatal period that is
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Figure 9. Clustered distribution of deleted nucleotides by CRISPR-Cas9-mediated genome editing. The number of times a particular nt was found to
be deleted upon sequence analysis is represented by the bar above the specific nt. The DNA sequence indicates the PAM sites in red with the sgRNA
recognition site for guides B and D in a box, with the guide identity indicated by the arrow below it. For each guide, the predicted cleavage site of Cas9 is
indicated as the site between the two red bars. (a) An analysis of all deleted regions from sequence alleles containing one or two disrupted sites without the
loss of the intervening residues. (b) As in (a), but with all alleles (including intervening deletions) plotted. The data represent sequence results of 47 alleles
from the 29 genome edited mice with indels.
doi:10.1371/journal.pone.0116484.g009

commensurate with prior reports [23, 25]. Although it is currently unclear as to the reasons for
this apparent toxicity, upon examination of the mice derived from 16 independent micro-injections, we found a relatively similar range of indel frequency among mice that survived the neonatal period and those that did not (Fig. 10; p = 0.28, two-tailed student’s t-test). While we did
not study mice that were not born, these results indicate that survival of pups beyond the neonatal period did not correlate with the likelihood of successful Cas9-mediated genome editing
at the target site.
On the other hand, representative mice from the experiments described above have been
used to generate offspring to segregate the individual alleles (Table 3). With the potential for
confounding off-target effects, it is crucial that one can isolate an individual allele from the
founder mouse and, with conventional breeding strategies, eventually generate a homozygous
line through back-crossing. This strategy requires that the founders survive to breeding age, are
fertile and that the alleles are germline transmissible. Many of our targeted mice are now over
twelve months old, have generated several litters, and transmitted their alleles in expected Mendelian ratios (Table 3), with the noted exceptions in the mosaic mice as described above. In the
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Figure 10. Indel frequency in Cas9-modified mice does not correlate with survival. The number of pups
with indels, regardless of survival, is plotted as a frequency per injection. All mice that did not survive to at
least 3 weeks were categorized as “dead”. A total of 16 independent injections (dead = 10, alive = 6) with
range, mean, and SEM are plotted. p = 0.28, Two-tailed Student’s t-test. ns: non-significant.
doi:10.1371/journal.pone.0116484.g010

successfully targeted mice, we did not observe a gender bias or any obvious developmental, tumorigenic or fertility issues.

Off-target identification and analysis
Given that genomic regions of close homology may exist for any sgRNA used in Cas9dependent cleavage, consideration should be given to the possibility that these off-target sites
also have been modified. In practice, we propose genetic methods to exclude off-target effects
when assessing Cas9-modified mice, including breeding, analyzing multiple founders, and utilizing independent sgRNA designs. However, to directly assess the potential for off-target effects in our founder mice described here, we took advantage of the known limitations of Cas9cleavage to guide our analysis. First, in the absence of the highly specific PAM signature
(NGG), cleavage is not expected to occur, regardless of sgRNA recognition sequence homology
[35]. Second, four or more mismatches between the 20nt sgRNA recognition sequence (excluding the PAM which does not provide specificity) and potential target inhibit Cas9 activity at
that site [35]. Third, more than one mismatch in the 30 half of the sgRNA recognition sequence
(known as the seed sequence) is also highly unlikely to allow for DNA cleavage [36]. These
three criteria formed the basis for our off-target search for Guides B and D.
Initially, we performed a BLAST search of the mouse genome with the 23nt sgRNA, iteratively replacing the “N” in the NGG motif with each alternative nt to identify targets with the
highest homology. The results of this search yielded no off-target sites that met the criteria described above. Next, we used http://www.crispr.mit to search for potential off-target sites [37].
For Guide B, we identified B-OT1, B-OT2, B-OT3 and B-OT5 while for Guide D, D-OT1 and
D-OT2 were identified (S1 Table). For completeness, a third search algorithm (http://gt-scan.
braembl.org.au/) was used to identify potential off-target sites [38], yielding the remaining sites
(B-OT4, B-OT6, B-OT7, D-OT3, and D-OT4) that fulfilled our criteria (S1 Table, S1 Fig.).
Although it is unclear why both algorithms and BLAST analysis did not identify the same
sites, we screened all identified potential off-target sites for cleavage in our mice. DNA was
available from 80 founder mice but in 27 mice, an unmodified donor was co-injected which
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resulted in inhibition of Cas9 activity on Tyr so these mice were excluded from analysis since it
highly likely that any off target site cleavage would also be mitigated. The remaining 53 mice
were grouped according to the type of Cas9 injected. All 32 mice obtained following WT Cas9
micro-injection were subjected to off-target analysis of the sites predicted in S1 Table. Since
D10A Cas9 is less likely to generate genomic off-target cleavage [31, 32], we limited our analysis of mice generated from D10A Cas9 micro-injection to ten mice, nine with documented
indels and one without an indel that did not survive. Thus, these 42 (32 with WT Cas9 and 10
with D10A Cas9) mice were studied for off target genome cleavage events for either sgRNA D
or B and D, depending on the guide(s) used (S2 Table).
We performed Sanger sequencing across the regions of sgRNA homology (S1 Table) by
analysis of PCR amplicons generated with a set of PCR primers (S3 Table). While specific
amplicons could be generated for all other sites, it was not possible to do so for B-OT6 and BOT7. Interestingly, each of these sites was identified with only one of the two search algorithms
(see above). Additionally, the predicted PCR amplicons required to allow sequencing of the
off-target recognition site were nearly identical for both B-OT6 and B-OT7. These off-target
sites appear to be in low-complexity regions of host DNA, thus hindering our ability to specifically interrogate them. Last, these two off-target sites are located on the Y chromosome which
was only present in half of the founders generated. However, we did not observe any gender
bias in our founder mice, suggesting there were no profound Y chromosomal abnormalities.
Thus, we performed 345 PCR and corresponding Sanger sequencing reactions to analyze the
remaining potential off-target sites for 42 founder mice.
Unlike with amplification and sequencing of the Tyr locus at the guide recognition sites, we
did not observe loss of homozygosity on the chromatogram tracing or altered mobility on
DNA electrophoresis for any analyzed off-target loci. Representative chromatograms are
shown from four mice which varied in their survival, type of Cas9 used, identity of indels, and
in whether modified donor DNA was co-injected (S2 Fig.). By contrast, in 29 of these 42 mice,
Tyr indels were readily identified on the tracing and/or by electrophoretic mobility. Representative tracings are shown (S2 Fig.). Finally, since it is possible that higher mortality could be observed if off-target cleavage had occurred, we assessed the survival rate in this cohort of
sequenced mice. Survival, for these studies, was defined as mice that were born and remained
alive beyond the initial neonatal period of seven days. Beyond this period, no additional mortality was observed in any of the founder mice. Regardless of either survival (n = 19) or death
(n = 23), no animal showed any evidence of off-target cleavage (S2 Table), suggesting that we
had not biased our analysis to mice based on survival beyond the neonatal period. Therefore,
off-target cleavage at alternate genomic sites was not detected in our analyses.

Discussion
Our studies provide extensive phenotypic and genetic analyses of in vivo Cas9-mediated genome editing of a single mouse gene. Several of our findings parallel the results in recent reports [23, 25] and importantly serve to validate our strategy. We have confirmed that Cas9mediated DNA breaks and NHEJ repair lead to multiple distinct alleles following pronuclear
injection of sgRNAs into a fertilized egg at the single cell stage. The majority of Cas9-modified
founders demonstrated that mono- and bi-allelic mutations are induced with high efficiency.
Our rapid phenotypic analysis provided detailed information regarding the diverse array of
changes induced, and the stability and transmissibility of these genetic modifications. In addition, these studies have yielded insight into several important processes including donor repair,
mosaicism, and large indel generation.

PLOS ONE | DOI:10.1371/journal.pone.0116484 January 14, 2015

19 / 28

Detailed Analysis of Cas9-Modified Mice

To our knowledge, this is the first report to demonstrate that donor DNA modification was
required for successful HR-dependent repair induced by Cas9. Indeed, we never obtained successful repair when WT donor DNA was used. As the frequency of repair via HR is inherently
low, we may not have had sufficient mice to observe the event. Alternatively, the WT donor
DNA could have been cleaved after incorporation or the donor itself may have inhibited the
initial CRISPR-Cas9-mediated cleavage of genomic DNA. Given the lack of indels following injection of WT donor DNA, we provide strong support for the hypothesis that genomic cleavage
itself was inhibited. In this situation, the donor DNA can act as a dominant negative to prevent
genome editing. Indeed, we found that the co-injection of WT donor DNA completely abolished indel formation by both guides B and D which also provides data against cleavage of incorporated donor DNA as the explanation for inhibition of gene repair. Altogether, our studies
indicate that HR-mediated gene repair is prevented by simultaneous injection of WT donor
DNA because of the direct inhibition of CRISPR-Cas9-mediated cleavage of genomic DNA.
In prior publications describing gene repair facilitated by CRISPR-Cas9, the sgRNA recognition site was not present in the donor DNA [21, 23, 25] and, to our knowledge, this specific
requirement was not tested. In most studies, the donor DNA contained a replacement gene,
such as a human orthologue of a mouse gene, or simply a knockin reporter construct having sequences flanking but not including the sgRNA recognition site. Thus, for successful HR, our
findings suggest that the donor DNA needs to be modified to prevent guide RNA recognition.
Importantly, our findings that CRISPR-Cas9-mediated genome editing is inhibited by unmodified donor DNA also provides strong evidence for the specificity of cleavage. Recent reports of CRISPR-Cas9 protein-guide RNA binding to DNA in vitro suggest that the PAM site
is first used to establish association with the target site while the nucleotides immediately 50 of
the PAM serve to increase binding affinity [39]. These studies were aided by competitor DNA
fragments containing guide RNA recognition sites. Similarly, our analysis demonstrates a similar phenomenon in the fertilized egg. By supplying a donor DNA that also contains the very sequences that are being targeted, we effectively neutralized CRISPR-Cas9-mediated genome
cleavage. We provide experimental evidence for CRISPR-Cas9 specificity by demonstrating
that only donor DNA with alterations in the putative sgRNA recognition sites prevented genome cleavage.
Another key observation in our studies is that mosaicism can occur after CRISPR-Cas9-mediated editing. Yang et al initially described the occurrence of mosaicism following CRISPRCas9-mediated genome editing in mice [25]. They interrogated for such an event via Southern
blotting and identified a few mosaics with large indels. Recently, it was shown that mosaicism
can also occur without such large indels generated ([21] and this study). Mosaicism was very
common in reports of genome editing employing micro-injection of DNA containing Cas9
and guide components [21, 40]. However, in our experiments mosaicism appeared to be the exception rather than the rule: phenotypic mosaicism rarely occurred and was confirmed by both
sequencing and offspring analysis.
Our low rate of mosaicism using RNA components allows us to draw several conclusions regarding the timing and mechanism of CRISPR-Cas9-mediated DNA cleavage and repair in the
developing embryo. Conceptually, mosaicism could be explained by an active Cas9/sgRNA
complex that partitions when the zygote divides. Depending on the half-life of the editing complex and its activity, multiple alleles could be generated by independent cleavage and repair
events occurring in different daughter cells at the 2-cell stage or beyond. However, since we
rarely observed mosaicism, our results strongly suggest that Cas9 mRNA and sgRNA, when injected into the pronucleus of a fertilized egg, acts almost exclusively at the single cell stage for
several reasons. First, the vast majority of the founder mice analyzed (with the mosaic exceptions described above) only harbored one or two alleles of the targeted Tyr locus. Second, the
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offspring from the founder mice only received one of the two alleles identified in the original
founder and did so with the expected Mendelian frequencies. Finally, even though the source
of founder DNA was a heterogeneous population of cells from a tail sample, it accurately represented the alleles found in the germline of that mouse as determined by genetic breeding experiments. Together, these results demonstrate that highly efficient, CRISPR-Cas9-mediated
genome editing after RNA introduction via pronuclear micro-injection as described here is
limited to a short period of time in the fertilized egg itself.
Implicit in the generation of mosaic mice is the presence of an allele with an unmodified
sgRNA site in the genome at the 2-cell stage or beyond because CRISPR-Cas9-mediated cleavage destroys the recognition site for a given guide. Two requirements must therefore be met for
mosaicism to occur. First, genome editing in the single cell stage should be incomplete so that
an unaltered target site remains intact in the daughter cell. This notion suggests that mosaic animals are more likely to harbor the unaltered WT allele. Consistent with this consideration, we
found a WT Tyr allele in two of the three mosaic mice described here. Furthermore, the potential for subsequent re-cleavage of donor DNA after incorporation (and cell division) was also
associated with a high rate of mosaicism [21]. Second, there must be sufficient Cas9/sgRNA
complexes to partition into subsequent generations. Indeed, Cheng et al demonstrated that
Cas9 and sgRNA complexes retain functional activity at the four-cell stage when micro-injected into single-cell embryos [41]. In Drosophila embryos, as the concentration of injected
RNA was reduced, the incidence of mosaic adults decreased dramatically, consistent with dilutional effects upon cell division [42]. These considerations suggest that with one sgRNA, two
alleles are possible if Cas9 acts fully at the single-cell stage and three alleles if Cas9 acts partially
at the 1-cell stage and fully at the 2-cell stage. With two sgRNAs, two alleles are possible if Cas9
acts fully at the 1-cell stage, while five alleles if Cas9 acts partially at the 1-cell stage and fully at
the 2-cell stage. Therefore, inefficient CRISPR-Cas9-mediated cleavage in the single-cell stage
would allow the persistence of modifiable WT alleles for subsequent cleavage, and generation
of mosaicism.
In contrast to previous work, we found a high rate of large deletions in the founder mice.
We detected deletions of greater than 600 nt in nearly 20% of our mice with indels. In fact, in
one mouse we observed a very large deletion of greater than 42 kb. We believe the identification
of these large deletions, generated by both WT and D10A Cas9, was aided by our phenotypic
screen and offspring analysis. While other studies have also described CRISPR-Cas9-modified
mice with large deletions (up to 2.2 kb), all of these studies seem to be limited to injections of
sgRNA pairs, rather than individual sgRNAs [27, 43, 44]. Similarly, large deletions appear to be
favored when paired sgRNAs were used in our study, suggesting that the mechanism for such
large indel generation is dependent on two simultaneous DNA breaks. Importantly, the possibility of large deletions underscores the limitation of screens based on analysis of short PCR
products. Two potential mechanisms for large indel generation have been proposed: MMEJ
and SSA [13, 15]. While they share some of the same features, the molecules involved are not
all the same. It is not clear which of these particular mechanisms, if either, is induced following
CRISPR-Cas9-mediated DSB breaks, especially in the case of our identified large 42 kb deletion. Genomic context, sgRNA sequence, and/or Cas9 may play a yet unrecognized role in promoting large-scale DNA end resection.
Our analysis of the deleted nucleotides differs somewhat from studies that previously established the site of CRISPR-Cas9-mediated cleavage. It is not clear if this broader range of cleaved
nucleotides is sequence-dependent, a phenomenon of in vivo activity, or a reflection primarily
of the repair process. Notably, the original report describing the identification of the Cas9
cleavage site was performed in a cell-free system without the influence of NHEJ repair [35].
Our observed Gaussian distribution of nucleotide loss within 10 nt of the cleavage site is
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consistent with an initial cleavage at the Cas9 site followed by classical NHEJ repair, similar to
what has been described in vitro with iPS and tumor cell lines [6]. In the current report, the results also indicate that the deletion event favors nucleotides upstream rather than downstream
of the PAM. Interestingly, the mechanism of NHEJ may dictate the degree of deletion observed.
For example, plants have been shown to primarily harbor 1 nt indels after CRISPR-Cas9mediated editing [45], and may reflect differences in NHEJ as compared to mammals.
We have demonstrated that the majority of alleles identified in the founder mice are transmitted to the progeny, regardless of whether the founder was an identified mosaic. This demonstrates that the somatic mutations we identified in the tail DNA arose from the genetic
changes induced in the single-cell embryo and was subsequently maintained with high fidelity
in the germ cells. We also observed a high but reproducible level of toxicity following RNA
micro-injection, commensurate with prior reports [23, 25]. One explanation for these findings
is that CRISPR-Cas9-mediated cleavage might result in large chromosomal translocations that
would be deleterious to newborn mice. Alternatively, disruption of an unidentified off-target
site may promote the mortality observed. While we did not observe any statistical differences
in the detection of indels in mice that survived to adulthood compared with mice that were either still-born or died in the neonatal period, we cannot rule out the possibility of larger unidentified chromosomal changes or off-target effects. Nonetheless, we were able to breed many
of our Tyr mutant mice which did not have any obvious defects, suggesting that these mice had
limited off-target effects, though we may be underestimating these effects in non-viable pups as
mentioned.
We interrogated potential off-target cleavage events by selecting candidate off-target regions
for amplification and sequencing of 42 mice, including those in which Tyr indels had occurred.
Although web tools such as those used here have given researchers a starting point [37, 38], it
is important to emphasize that sequencing of predicted off-target sites is essentially a test of the
available algorithms. Even upon analysis of the sites most likely to be susceptible to Cas9mediated cleavage by our guide RNAs, we discovered no off-target cleavage sites in mice targeted by the sgRNA described in this report to disrupt Tyr. This finding is consistent with similar reports in the literature [25, 46]. The absence of off-target effects following micro-injection
of fertilized eggs as compared with their more frequent occurrence in vitro [47, 48] may indicate that higher target specificity is achieved in zygotes, though different guides and targets
were studied [49]. One limitation of our studies is that low level-mosaicism at the off target
sites would not be evident in the sequence tracings but our studies would still indicate that off
target cleavage is still relatively rare if it occurs at all. Although another approach to analyze
off-target cleavage would be deep sequencing of the entire genome of the founder mice, this
also has technical limitations. For example, even unmodified mice can display genetic changes
but these could be due to chance or the inherent error-rate of the sequencing technology [50].
Finally, our analysis of off-target effects did not include mice that were not born. Some of these
mice could have died from deleterious effects of Cas9-mediated cleavage though many other
factors affect the successful birth of micro-injected zygotes. Nevertheless, our inability to detect
off-target genomic indels in pups that were born is likely due to our thorough analyses prior to
micro-injection whereby potential sgRNAs with demonstrated high homology (by BLAST
analysis as described) to off-target sites were not used.
The capacity of CRISPR-Cas9-mediated genome editing to generate multiple different alleles from one sgRNA injection will allow assignment of specific phenotypes to individual
modified genes. Each newly targeted mouse will have one or more unique alleles in terms of genetic modification by NHEJ and if a null mutation is produced, it should give rise to the same
phenotype as other mice with homozygous null mutations in the same gene. Independently,
use of alternate sgRNAs for the same gene generates another cohort of targeted mice that
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should also have the same phenotype. Since these alleles can be passed in the germline, as demonstrated here, the newly generated phenotype(s) should also track with the mutation in their
offspring. The offspring can subsequently be intercrossed to achieve a novel homozygous strain
for phenotypic analysis. On the other hand, each sgRNA has the potential for distinct off-target
effects that will not track with the targeted gene of interest in offspring analysis. Thus,
CRISPR-Cas9-mediated off-target effects should be avoidable while simultaneously providing
several founder mouse lines with different mutations for verification thereby adding an advantage to conventional gene targeting of ES cells where usually only one targeted mouse is
studied.
An additional benefit of generating multiple alleles of a targeted gene is the capacity to interrogate amino acid deletions in terms of function. Several of our mutated mice contained inframe deletions. In one of these mice, a deletion of 5 amino acids resulted in an active tyrosinase molecule as determined by eye color, indicating that these residues are not required for
appropriate gene function. Thus, CRISPR-Cas9-mediated genome editing could inform study
of proteins by alteration of functional domains.
Our findings have obvious implications for gene corrected stem cells for therapies in humans. Specifically, for homozygous recessive disorders, it is theoretically possible to isolate particular stem-cell subsets from a patient, correct the gene defect, and clone the corrected cells
for expansion and reintroduction to the patient. For this technique to be feasible, one would
need to efficiently generate CRISPR-Cas9-mediated cleavage initially followed by extinguishing
the DNA cleavage activity of Cas9 upon cell division to avoid continued Cas9 activity, in addition to minimizing any off-target effects of the guide RNAs used. For patients with heterozygous deleterious genes manifesting dominant negative effects, a guide RNA selective for only
the deleterious allele would be ideal.
In summary, we have extensively analyzed both genotypic and phenotypic data following
CRISPR-Cas9-mediated genome editing of a single mouse gene. Our studies reveal several critical parameters in greater detail. These results provide the foundation to interpret and predict
the diverse outcomes following such genome-editing experiments that will become more commonplace as the field continues to advance.

Materials and Methods
Mice
C57BL/6 (C57BL/6Tac) and ICR/CD1 mice were purchased from Taconic (Hudson, NY) and
AB6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME).

sgRNA design
While NCBI BLAST (http://blast.ncbi.nlm.nih.gov/) was initially used to assess sequence similarity of potential sgRNAs, various online tools have since become available to facilitate the
process of sgRNA design and selection. These include E-CRISP (http://www.e-crisp.org/ECRISP/)[51], the CRISPR Design Tool from the Zhang lab (http://crispr.mit.edu/)[37], and GTScan (http://gt-scan.braembl.org.au/gt-scan/)[38]. Upon further analysis, these tools confirmed
the correct and specific targeting our sgRNA designs. The sequences of guide RNAs are shown
in Table 4.

RNA synthesis
A T7 polymerase initiation site was added to the 5-prime end of the sgRNA (Table 4) as described previously [23]. We found that although PAGE purification of the long forward primer
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is recommended to increase yield, sufficient quantities of sgRNA can be synthesized without
this costly and time-consuming step. All primers were synthesized by IDT. We used the pX330
(Addgene plasmid #42230 [32]) template for both sgRNA and Cas9 synthesis. For sgRNA synthesis a PCR product was generated that included a T7 polymerase transcription initiation sequence followed by the 20 nt guide RNA sequence (not including the 3 nt PAM), and the
tracRNA sequence from plasmid pX330 [5, 52]. For Cas9-D10A transcription, modified primers and the pX335 (Addgene plasmid #42335 [5]) template were employed (Table 1). PCR amplification was performed with HF-Phusion DNA polymerase (New England Biolabs (NEB),
Beverly, MA) and the product was purified through a spin column (for sgRNA; PCR purification kit, Clontech Laboratories, Mountain View, CA) or by organic extraction and ethanol precipitation (for Cas9). After purification, an aliquot was checked for quality by gel
electrophoresis and quantified on a Nanodrop 1000 (ThermoFisher Scientific, Waltham, MA).
RNA synthesis was performed according to manufacturer (Life Technologies, Carlsbad, CA)
recommendations (MEGAshortscript T7 for sgRNA and mMESSAGE mMACHINE T7 Ultra
for Cas9 mRNA). While the sgRNA was purified through a spin column (MEGAclear RNA purification kit (Life Technologies), the Cas9 mRNA was less prone to degradation when precipitated with lithium chloride according to the alternate protocol described by the manufacturer.
sgRNA and Cas9 mRNA were diluted in nuclease-free injection buffer, aliquoted into single
use tubes, and frozen at -80°C. Individual tubes were later thawed and assessed for integrity via
the 2200 TapeStation Instrument (Agilent Technologies, Santa Clara, CA).

Donor DNA construction
Donor DNA was created by PCR amplification (HF-Phusion, NEB) of the host gene and
TOPO subcloning (Life Technologies). Homology arms were generated to encompass 800 nt
on either side of the intended substitutions using the primers Tyr Fwd 2 and Tyr Rev 2
(Table 4). The sgRNA recognition sites were modified with Quickchange (Agilent Technologies) to contain alternate codons that still maintained the translated protein sequence.

Micro-injection
C57BL/6NTac female mice 4 weeks old were super-ovulated and mated with C57BL/6NTac
males. Day 0.5 single cell embryos were isolated and underwent pronuclear micro-injection in
the Department of Pathology Micro-injection Core using standard methods [53]. The embryos
were co-injected with sgRNA at 10–20 ng/ml, Cas9 at 100–200 ng/ml, and plasmid donor at 10
ng/ml in DNase/RNase free micro-injection buffer, 1 mM Tris, 0.25 mM EDTA pH 7.4. This results in a four-fold molar excess of sgRNA to Cas9 mRNA. 20–25 injected embryos were transferred into the oviducts of d0.5 pseudopregnant ICR/CD1 recipient female mice. Albino B6
mice were used as breeders. One day of injection refers to an independent reconstitution of
RNA and/or DNA reagents, multiple rounds of micro-injection and subsequent implantation
into several pseudo-pregnant recipients limited to a single day.

DNA methods
Genomic DNA was prepared from tail tissue of founder mice and their offspring using the
Puregene extraction kit (Qiagen, Venlo, Netherlands) following manufacturer recommendations. PCR amplification using 100 ng of genomic DNA was performed with HF-Phusion
DNA polymerase (NEB) and the Tyr primers (Table 4). The PCR products were then directly
sequenced or cloned and sequenced with BigDye v3.1 per manufacturer recommendations
(Life Technologies). For establishing donor insertion, the same Tyr primers used to generate
the 1555 nt product (Table 4) were used for amplification as above, followed by gel purification
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(Gel Extraction Kit, Clontech). The purified PCR product was then subjected to SalI (NEB) digest for 30 min at 37°C followed by electrophoresis on a 1.5% agarose gel and visualized with
ethidium bromide staining. A 100 bp or 1 kb ladder (NEB) was also applied for molecular
weight determination.

Off-target analysis
Genomic DNA was prepared from tail tissue of founder mice as using the Puregene extraction
kit (Qiagen). PCR amplification using 100ng of genomic DNA was performed with HFPhusion DNA polymerase (NEB) and the off-target primers listed in S3 Table as well as Tyr
using the primes listed in Table 4. The off-target loci were chosen as described in the text. PCR
products were then directly sequenced with BigDye v3.1 per manufacturer recommendations
(Life Technologies). Sequence chromatograms were viewed and analyzed for loss of homozygosity using FinchTV v1.4.0 (PerkinElmer, Waltham, MA).

Ethics statement
This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Animal Studies Committee at Washington University School of Medicine under
animal protocol 20130049A2.

Supporting Information
S1 Fig. Potential off-target cleavage sites following CRISPR-Cas9-mediated genome editing. The sequences of sgRNA guides B (a) and D (b) are aligned above the off-target sites identified as described in the text. The off-target sites are depicted with ten additional nt flanking
the region of homology. The PAM is in blue, the high specificity seed sequence is in red and
the rest of the homologous region is shown in blue. Each nt that diverges from the sgRNA sequence is indicated by a shaded box. Off-target site names are shown to the right of their respective sequences.
(TIF)
S2 Fig. Representative sequencing chromatograms across Tyr and the potential off-target
cleavage sites. Four founder mice (S2 Table) are depicted here (numbered to the left of the
tracings) and are representative of the lack of off-target events seen in all 42 mice subjected to
an identical analysis. Indels were only generated at the intended on-target Tyr locus. The sequence of the off-target site is indicated above the first tracing in each group. The arrow head is
closest to the PAM. An arrow pointing to the left indicates that the complementary strand was
sequenced. An arrow pointing to the right indicates that the non-complementary strand was
sequenced. For the off-target sites, the region of homology to the respective guide is indicated
by the shaded area. Tyr tracings show examples of how we detected indels in Tyr as evident by
heterozygous tracings. Loss of homozygosity (LOH) is indicated by the downward arrow. The
deletions previously described for mice 2.2, 2.4, and 2.9 correspond to these heterozygous regions. Sequencing these regions results in LOH if the alternate allele is WT (mouse 2.4) or has
a second deletion nearby (mice 2.2 and 2.9). Mouse 4.8 harbors a nine nt deletion (as indicated
under the panel) that was preferentially amplified and sequenced; the corresponding region in
the predominant alternate allele has a deletion in this region (Allele 4, Table 3). The guide
binding sites have been lost or shortened as indicated in the shaded region.
(TIF)
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S1 Table. Off-target sites for the sgRNAs used in this study.
(DOC)
S2 Table. Characteristics of founder mice analyzed for off-target cleavage.
(DOC)
S3 Table. Off-target primer sequences.
(DOC)

Acknowledgments
The authors thank Megan Wood for her technical assistance. We also acknowledge the assistance of the Protein and Nucleic Acid Chemistry Labs (PNACL) at Washington University for
their help with DNA sequencing.

Author Contributions
Conceived and designed the experiments: BP DB SP JW WY. Performed the experiments: BP
SP JW. Analyzed the data: BP DB SP WY. Wrote the paper: BP DB WY.

References
1.

Vasquez KM, Marburger K, Intody Z, Wilson JH (2001) Manipulating the mammalian genome by homologous recombination. Proc Natl Acad Sci U S A 98: 8403–8410. doi: 10.1073/pnas.111009698 PMID:
11459982

2.

Hall B, Limaye A, Kulkarni AB (2009) Overview: generation of gene knockout mice. Curr Protoc Cell
Biol 19(12): 1–17. doi: 10.1002/0471143030.cb1912s44 PMID: 19731224

3.

Sung YH, Baek IJ, Seong JK, Kim JS, Lee HW (2012) Mouse genetics: catalogue and scissors. BMB
Rep 45: 686–692. doi: 10.5483/BMBRep.2012.45.12.242 PMID: 23261053

4.

Pennisi E (2013) The CRISPR craze. Science 341: 833–836. doi: 10.1126/science.341.6148.833
PMID: 23970676

5.

Cong L, Ran FA, Cox D, Lin S, Barretto R, et al. (2013) Multiplex genome engineering using CRISPR/
Cas systems. Science 339: 819–823. doi: 10.1126/science.1231143 PMID: 23287718

6.

Mali P, Yang L, Esvelt KM, Aach J, Guell M, et al. (2013) RNA-guided human genome engineering via
Cas9. Science 339: 823–826. doi: 10.1126/science.1232033 PMID: 23287722

7.

Friedland AE, Tzur YB, Esvelt KM, Colaiacovo MP, Church GM, et al. (2013) Heritable genome editing
in C. elegans via a CRISPR-Cas9 system. Nat Methods 10: 741–743. doi: 10.1038/nmeth.2532 PMID:
23817069

8.

Hwang WY, Fu Y, Reyon D, Maeder ML, Tsai SQ, et al. (2013) Efficient genome editing in zebrafish
using a CRISPR-Cas system. Nat Biotechnol 31: 227–229. doi: 10.1038/nbt.2501 PMID: 23360964

9.

Yu Z, Ren M, Wang Z, Zhang B, Rong YS, et al. (2013) Highly efficient genome modifications mediated
by CRISPR/Cas9 in Drosophila. Genetics 195: 289–291. doi: 10.1534/genetics.113.153825 PMID:
23833182

10.

Huertas P (2010) DNA resection in eukaryotes: deciding how to fix the break. Nat Struct Mol Biol 17:
11–16. doi: 10.1038/nsmb.1710 PMID: 20051983

11.

Pardo B, Gomez-Gonzalez B, Aguilera A (2009) DNA repair in mammalian cells: DNA double-strand
break repair: how to fix a broken relationship. Cell Mol Life Sci 66: 1039–1056. doi: 10.1007/s00018009-8740-3 PMID: 19153654

12.

Honma M, Sakuraba M, Koizumi T, Takashima Y, Sakamoto H, et al. (2007) Non-homologous end-joining
for repairing I-SceI-induced DNA double strand breaks in human cells. DNA Repair (Amst) 6: 781–788.
doi: 10.1016/j.dnarep.2007.01.004 PMID: 17296333

13.

Decottignies A (2013) Alternative end-joining mechanisms: a historical perspective. Front Genet 4: 48.
doi: 10.3389/fgene.2013.00048 PMID: 23565119

14.

San Filippo J, Sung P, Klein H (2008) Mechanism of eukaryotic homologous recombination. Annu Rev
Biochem 77: 229–257. doi: 10.1146/annurev.biochem.77.061306.125255 PMID: 18275380

15.

Chapman JR, Taylor MR, Boulton SJ (2012) Playing the end game: DNA double-strand break repair
pathway choice. Mol Cell 47: 497–510. doi: 10.1016/j.molcel.2012.07.029 PMID: 22920291

PLOS ONE | DOI:10.1371/journal.pone.0116484 January 14, 2015

26 / 28

Detailed Analysis of Cas9-Modified Mice

16.

Hamada T, Sasaki H, Seki R, Sakaki Y (1993) Mechanism of chromosomal integration of transgenes in
microinjected mouse eggs: sequence analysis of genome-transgene and transgene-transgene junctions at two loci. Gene 128: 197–202. doi: 10.1016/0378-1119(93)90563-I PMID: 8390388

17.

Fujii W, Kawasaki K, Sugiura K, Naito K (2013) Efficient generation of large-scale genome-modified
mice using gRNA and CAS9 endonuclease. Nucleic Acids Res 41: e187. doi: 10.1093/nar/gkt772
PMID: 23997119

18.

Li D, Qiu Z, Shao Y, Chen Y, Guan Y, et al. (2013) Heritable gene targeting in the mouse and rat using
a CRISPR-Cas system. Nat Biotechnol 31: 681–683. doi: 10.1038/nbt.2661 PMID: 23929336

19.

Li F, Cowley DO, Banner D, Holle E, Zhang L, et al. (2014) Efficient genetic manipulation of the NODRag1-/-IL2RgammaC-null mouse by combining in vitro fertilization and CRISPR/Cas9 technology. Sci
Rep 4: 5290. doi: 10.1038/srep05290 PMID: 24936832

20.

Mashiko D, Fujihara Y, Satouh Y, Miyata H, Isotani A, et al. (2013) Generation of mutant mice by pronuclear injection of circular plasmid expressing Cas9 and single guided RNA. Sci Rep 3: 3355. doi: 10.
1038/srep03355 PMID: 24284873

21.

Mizuno S, Dinh TT, Kato K, Mizuno-Iijima S, Tanimoto Y, et al. (2014) Simple generation of albino
C57BL/6J mice with G291T mutation in the tyrosinase gene by the CRISPR/Cas9 system. Mamm Genome. doi: 10.1007/s00335-014-9524-0 PMID: 24879364

22.

Sung YH, Kim JM, Kim HT, Lee J, Jeon J, et al. (2013) Highly efficient gene knockout in mice and zebrafish with RNA-guided endonucleases. Genome Res. doi: 10.1101/gr.163394.113 PMID: 24253447

23.

Wang H, Yang H, Shivalila CS, Dawlaty MM, Cheng AW, et al. (2013) One-step generation of mice carrying mutations in multiple genes by CRISPR/Cas-mediated genome engineering. Cell 153: 910–918.
doi: 10.1016/j.cell.2013.04.025 PMID: 23643243

24.

Wu Y, Liang D, Wang Y, Bai M, Tang W, et al. (2013) Correction of a genetic disease in mouse via use
of CRISPR-Cas9. Cell Stem Cell 13: 659–662. doi: 10.1016/j.stem.2013.10.016 PMID: 24315440

25.

Yang H, Wang H, Shivalila CS, Cheng AW, Shi L, et al. (2013) One-step generation of mice carrying reporter and conditional alleles by CRISPR/Cas-mediated genome engineering. Cell 154: 1370–1379.
doi: 10.1016/j.cell.2013.08.022 PMID: 23992847

26.

Yasue A, Mitsui SN, Watanabe T, Sakuma T, Oyadomari S, et al. (2014) Highly efficient targeted mutagenesis in one-cell mouse embryos mediated by the TALEN and CRISPR/Cas systems. Sci Rep 4:
5705. doi: 10.1038/srep05705 PMID: 25027812

27.

Zhou J, Shen B, Zhang W, Wang J, Yang J, et al. (2013) One-step generation of different immunodeficient mice with multiple gene modifications by CRISPR/Cas9 mediated genome engineering. Int J Biochem Cell Biol 46C: 49–55. doi: 10.1016/j.biocel.2013.10.010 PMID: 24269190

28.

Carbery ID, Ji D, Harrington A, Brown V, Weinstein EJ, et al. (2010) Targeted genome modification in
mice using zinc-finger nucleases. Genetics 186: 451–459. doi: 10.1534/genetics.110.117002 PMID:
20628038

29.

Le Fur N, Kelsall SR, Mintz B (1996) Base substitution at different alternative splice donor sites of the tyrosinase gene in murine albinism. Genomics 37: 245–248. doi: 10.1006/geno.1996.0551 PMID:
8921397

30.

Zhou J, Wang J, Shen B, Chen L, Su Y, et al. (2014) Dual sgRNAs facilitate CRISPR/Cas9-mediated
mouse genome targeting. FEBS J 281: 1717–1725. doi: 10.1111/febs.12735 PMID: 24494965

31.

Mali P, Aach J, Stranges PB, Esvelt KM, Moosburner M, et al. (2013) CAS9 transcriptional activators
for target specificity screening and paired nickases for cooperative genome engineering. Nat Biotechnol 31: 833–838. doi: 10.1038/nbt.2675 PMID: 23907171

32.

Ran FA, Hsu PD, Lin CY, Gootenberg JS, Konermann S, et al. (2013) Double nicking by RNA-guided
CRISPR Cas9 for enhanced genome editing specificity. Cell 154: 1380–1389. doi: 10.1016/j.cell.2013.
08.021 PMID: 23992846

33.

Shen B, Zhang W, Zhang J, Zhou J, Wang J, et al. (2014) Efficient genome modification by CRISPRCas9 nickase with minimal off-target effects. Nat Methods 11: 399–402. doi: 10.1038/nmeth.2857
PMID: 24584192

34.

Keane TM, Goodstadt L, Danecek P, White MA, Wong K, et al. (2011) Mouse genomic variation and its
effect on phenotypes and gene regulation. Nature 477: 289–294. doi: 10.1038/nature10413 PMID:
21921910

35.

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, et al. (2012) A programmable dual-RNA-guided
DNA endonuclease in adaptive bacterial immunity. Science 337: 816–821. doi: 10.1126/science.
1225829 PMID: 22745249

36.

Jiang W, Bikard D, Cox D, Zhang F, Marraffini LA (2013) RNA-guided editing of bacterial genomes
using CRISPR-Cas systems. Nat Biotechnol 31: 233–239. doi: 10.1038/nbt.2508 PMID: 23360965

PLOS ONE | DOI:10.1371/journal.pone.0116484 January 14, 2015

27 / 28

Detailed Analysis of Cas9-Modified Mice

37.

Hsu PD, Scott DA, Weinstein JA, Ran FA, Konermann S, et al. (2013) DNA targeting specificity of
RNA-guided Cas9 nucleases. Nat Biotechnol 31: 827–832. doi: 10.1038/nbt.2647 PMID: 23873081

38.

O’Brien A, Bailey TL (2014) GT-Scan: Identifying unique genomic targets. Bioinformatics. doi: 10.1093/
bioinformatics/btu354 PMID: 24860161

39.

Sternberg SH, Redding S, Jinek M, Greene EC, Doudna JA (2014) DNA interrogation by the CRISPR
RNA-guided endonuclease Cas9. Nature 507: 62–67. doi: 10.1038/nature13011 PMID: 24476820

40.

Blitz IL, Biesinger J, Xie X, Cho KW (2013) Biallelic genome modification in F(0) Xenopus tropicalis embryos using the CRISPR/Cas system. Genesis 51: 827–834. doi: 10.1002/dvg.22719 PMID: 24123579

41.

Cheng AW, Wang H, Yang H, Shi L, Katz Y, et al. (2013) Multiplexed activation of endogenous genes
by CRISPR-on, an RNA-guided transcriptional activator system. Cell Res 23: 1163–1171. doi: 10.
1038/cr.2013.122 PMID: 23979020

42.

Bassett AR, Tibbit C, Ponting CP, Liu JL (2013) Highly efficient targeted mutagenesis of Drosophila
with the CRISPR/Cas9 system. Cell Rep 4: 220–228. doi: 10.1016/j.celrep.2013.06.020 PMID:
23827738

43.

Ma Y, Shen B, Zhang X, Lu Y, Chen W, et al. (2014) Heritable multiplex genetic engineering in rats
using CRISPR/Cas9. PLoS One 9: e89413. doi: 10.1371/journal.pone.0089413 PMID: 24598943

44.

Shen B, Brown KM, Lee TD, Sibley LD (2014) Efficient gene disruption in diverse strains of Toxoplasma
gondii using CRISPR/CAS9. MBio 5: e01114–01114. doi: 10.1128/mBio.01114-14 PMID: 24825012

45.

Feng Z, Mao Y, Xu N, Zhang B, Wei P, et al. (2014) Multigeneration analysis reveals the inheritance,
specificity, and patterns of CRISPR/Cas-induced gene modifications in Arabidopsis. Proc Natl Acad
Sci U S A 111: 4632–4637. doi: 10.1073/pnas.1400822111 PMID: 24550464

46.

Hruscha A, Krawitz P, Rechenberg A, Heinrich V, Hecht J, et al. (2013) Efficient CRISPR/Cas9 genome
editing with low off-target effects in zebrafish. Development 140: 4982–4987. doi: 10.1242/dev.099085
PMID: 24257628

47.

Cradick TJ, Fine EJ, Antico CJ, Bao G (2013) CRISPR/Cas9 systems targeting beta-globin and CCR5
genes have substantial off-target activity. Nucleic Acids Res 41: 9584–9592. doi: 10.1093/nar/gkt714
PMID: 23939622

48.

Fu Y, Foden JA, Khayter C, Maeder ML, Reyon D, et al. (2013) High-frequency off-target mutagenesis
induced by CRISPR-Cas nucleases in human cells. Nat Biotechnol 31: 822–826. doi: 10.1038/nbt.
2623 PMID: 23792628

49.

Cho SW, Kim S, Kim Y, Kweon J, Kim HS, et al. (2013) Analysis of off-target effects of CRISPR/Casderived RNA-guided endonucleases and nickases. Genome Res. doi: 10.1128/genomeA.00897-13
PMID: 24253446

50.

Long C, McAnally JR, Shelton JM, Mireault AA, Bassel-Duby R, et al. (2014) Prevention of muscular
dystrophy in mice by CRISPR/Cas9-mediated editing of germline DNA. Science 345: 1184–1188. doi:
10.1126/science.1254445 PMID: 25123483

51.

Heigwer F, Kerr G, Boutros M (2014) E-CRISP: fast CRISPR target site identification. Nat Methods 11:
122–123. doi: 10.1038/nmeth.2812 PMID: 24481216

52.

Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, et al. (2013) Genome engineering using the
CRISPR-Cas9 system. Nat Protoc 8: 2281–2308. doi: 10.1038/nprot.2013.143 PMID: 24157548

53.

Nagy A (2003) Manipulating the mouse embryo: a laboratory manual. Cold Spring Harbor, N.Y.: Cold
Spring Harbor Laboratory Press. x, 764 p. p.

PLOS ONE | DOI:10.1371/journal.pone.0116484 January 14, 2015

28 / 28

